Abstract-The response of personal exposimeter in the GSM900 downlink (DL) band is studied using numerical simulations and measurements on human subjects. Both the numerical simulations and the measurements show that a personal exposimeter will on average underestimate the incident electric fields in the GSM900 DL band and that the variation (expressed in terms of the 95% confidence interval and the interquartile distance) on its response is relatively large: a 95% confidence interval of 22 dB and an interquartile distance of 7.3 dB are found in a realistic environment using numerical simulations, while the calibration measurements show interquartile distances up to 12 dB. In terms of variation there is an excellent agreement between simulations and measurements.
I. INTRODUCTION
The number of radio frequency (RF) sources has increased in the last decade. This gave rise to a public concern about possible adverse health effect induced by RF radiation. Up till now, the only proven mechanism of an effect of RF radiation on the human body is tissue heating by absorption of electromagnetic (EM) energy. The quantity used to describe this, in the RF region, is the specific absorption rate (SAR, the ratio of the amount of power absorbed in a certain mass) for which basic restrictions have been defined [1] . Because the SAR cannot be measured inside a living human, reference levels on the incident EM fields have been defined [1] . These fields can be assessed using EM measurement equipment such as personal exposimeters (PEMs). The World Health Organization (WHO) has indicated the need for a correct exposure assessment of RF radiation as one of the priorities in the research regarding RF radiation [2] . This exposure assessment is crucial for a correct description of the EM environment in which employees and the general public live and work.
The currently existing PEMs have some clear advantages over other EM measurement devices such as broadband probes or spectrum analyzers. First, they are worn on the body and will thus measure on the same location and time as the subject who is wearing the PEM. Secondly, they can measure simultaneously in different frequency bands. Therefore, PEMs are frequently used in measurement campaigns of RF exposures [3] [4] [5] [6] [7] [8] and a protocol has been developed for a correct use of PEMs for personal exposure assessment [9] . However, PEMs are also faced with relatively large measurement uncertainties due to shadowing of the body [10] [11] [12] [13] . Moreover, they measure the electric fields on the body instead of the incident fields, which are typically used to represent exposure and for which reference levels exist. Additionally, they exhibit an unwanted dependence on polarization of the incident fields, while their recordings should only depend on the field strength [13] . Considering these uncertainties a calibration of PEMs on the body has to be carried out.
The distribution of the electric fields recorded by a PEM has already been studied using numerical simulations [10] [11] [12] 14 ], but has not yet been compared to actual measurements with PEMs. In [13] , a calibration method for PEMs worn on the body is proposed. Calibration measurements are however only reported for one subject and have not yet been compared with numerical simulations. Numerical simulations could serve as a replacement for the more time-and work-consuming calibration measurements if they can provide the same results as calibration measurements.
The goal of this paper is to numerically determine the distribution of electric fields registered by a PEM used for the Global System for Mobile Communications (GSM) around 900 MHz (GSM900) downlink (DL) band and compare these with calibration measurements of PEMs worn by real human subjects.
II. MATERIALS AND METHODS
Finite-difference time-domain (FDTD) simulations are carried out using the Virtual Family Male (VFM) [15] . This is a heterogeneous human body model consisting of 81 different tissues, based upon magnetic resonance imaging of a healthy volunteer with a BMI (body mass index) of 22.3 kg/m². The dielectric properties assigned to the phantom's tissues are taken from the Gabriel database [16] . A grid step of 1.5 mm is chosen inside the phantom to ensure stability and provide an acceptable spatial resolution. FDTD simulations of the phantom under single plane-wave exposure at 950 MHz, a frequency in the GSM900 DL band, are carried out. Using the methods presented in [11] and [17] the fields inside and surrounding the phantom can be determined for (realistic) exposure situations, using these simulations. In this study two exposure scenarios are considered: one realistic multipath environment: the 'Indoor Pico-cell' environment [11, 17] and one exposure scenario, named 'Angular Average'. This second scenario is chosen to compare numerical simulations with measurements using the calibration setup. In this scenario, a subject is under single plane wave exposure, with an elevation angle of the incident fields equal to 90° and an azimuth angle between 0° and 360°. Only two polarizations are considered in the 'Angular Average' scenario: vertical polarization (parallel to the phantom's/subject's rotation axis) and horizontal polarization (perpendicular to the phantom's/subject's rotation axis).
To model the positioning of a PEM, a surface at 1 cm from the phantom is determined. This surface is discretized by the FDTD algorithm and reduced further for computational purposes. There are no measurement points selected in front of the phantom's face and on the phantom's legs. Placement of a PEM on the phantom's head might seem unrealistic using the existing PEMs, but is feasible using newer technologies such as wearable and miniaturized antennas [12] . This reduction results in a set of 401 possible measurement positions on the upper body. Calibration measurements in an anechoic chamber are executed using the same approach as the 'Angular Average' scenario. Two 25 year old male subjects wearing a personal exposimeter (subjects A and B) with a BMI of 22±1 kg/m are placed on a platform that is 1.4 m lower than the center of a transmitting horn antenna (TX). The platform is in the farfield of the TX (distance = 4.5 m) and the absorbing walls of the anechoic chamber ensure that there is only line of sight exposure. The TX is rotated so that both vertical and horizontal exposure can be recorded and emits between 920-960 MHz, the GMS900 DL band, at a constant input power. The subjects can be rotated over 360° in their transverse plane when standing in upright anatomical position. The PEM is worn on two positions with minimal separation from the body: on the left hip and the back.
Afterwards, free-space measurements of the electric field E RMS are performed on different heights (h) of the rotation axis of the platform. These fields are measured using a spectrum analyzer (R&S FSL6) with a tri-axial antenna. The fields are measured at different heights because they should be averaged over the whole-body [1] . The free-space incident electric field ( ) is determined from these measured electric fields using:
The studied quantity is the PEM's response (R): this is the ratio of the electric field recorded by the PEM ( ) and the free-space incident electric field ( ):
Ideally a PEM should record and R should thus equal 1. In this paper the distribution of R is studied using the the 95% confidence interval of R (c 95 ): the ratio of the 97.5% and 2.5% percentiles of R, and the interquartile distance (c 50 ) which is the ratio of the 75% and 25% percentiles of R.
III. RESULTS AND DISCUSSION
A. Numerical Simulations A set of 5000 exposure samples is generated in the 'Indoor Pico-cell' scenario using the methods presented in [11, 17] . This number of samples is associated with an average value of the 95% confidence interval on the percentiles of R smaller than 16 % (between the 1% and 99% percentiles). The PEM's response R is determined for every sample in all studied measurement locations on the body. This results in a distribution of R in the 'Indoor Pico-cell' environment. The arithmetic average R av and median value R median of this distribution are listed in Table I . The average value of R av at 1 cm from the body is 0.77, while the median value is 0.66. A PEM will thus on average underestimate the incident electric fields emitted in the GSM900 DL band. Two analyses can be performed to estimate R and c 95 for a measurement point on the body. In a first analysis the median values of 5000 simulated values in every studied point where a measurement could take place at 1 cm from the body are determined and divided by the corresponding . This results in one median R value in every possible measurement point. The c 95 and c 50 of these R are measures for the variance in the recordings of a single PEM when it is worn on exactly the same unknown position (on the upper body) during all measurements. This can be interpreted as an intrinsic uncertainty using a perfect single PEM in an ideal measuring scenario. Table I lists the c 50,ideal and c 95,ideal for PEMs at 950 MHz. Table I also lists the same characteristics for the 'Angular Average' exposure scenario. A second analysis can be performed to estimate a more realistic variation in R. Here no median value is calculated in every measurement point. R is calculated in every point for 5000 samples. The distribution of these samples is then studied. The c 50 and c 95 of these data are measures of the variance in the recordings of a single PEM when it is worn on varying unknown positions on the (upper) body. This can be interpreted as a more realistic estimate of variability using a single PEM, because in reality the PEM will never be worn on the same spot on the body by different subjects or even by the same subject when characterizing an environment. Figure 1 shows the probability density function (PDF) of all R values (all studied locations on the body and all exposure samples) at 1cm from the body. Four distributions are fitted to this data. A gamma function with a shape factor of 2.749 ± 0.005 and a scale factor of 0.2897 ± 0.0006 is found as a best fit for these data. In [6] , a lognormal distribution was found as best fit to the electric-field strengths measured in a single point on the body. In [11] a lognormal distribution is fitted to the response of PEMs placed on different positions on the body. However, no other distributions are tested in [11] . The lognormal distribution is the third best parametric fit we found in this study. The incident electric field [11, 17] and the electric-field strengths on a single point on the body [6] are lognormally distributed but this does not imply that the responses in the set of multiple points located on the body considered in this study should also follow a lognormal distribution. In [14] different possible locations of a PEM on the human body are investigated on a human body phantom in a simulated multipath environment at 946 MHz. This led to an R av = 0.76, R median = 0.7, which is in excellent agreement with our simulations. In the same study a c 50,realistic and a c 90,realistic of 8 dB and 18 dB, were determined, respectively. Our simulations show a c 50,realistic and a c 90,realistic of 7.3 dB and 19 dB on R in the 'Indoor Pico-cell' environment, which is in very good agreement with the values found in [14] . A c 95,realistic of 18.5 dB is estimated for a single PEM at 900 MHz in realistic environments in [11] , which is smaller than the c 95 reported in this study. We attribute this difference to a smaller number of positions considered in [11] : only positions on the torso and back of the phantom, while the full upper body (without the face) is considered in this study.
The results of our numerical simulations, which are in good agreement with literature, show that a PEM will on average underestimate and will estimate this with a relatively large c 50 and c 95 in realistic scenarios. This means that a calibration on the body will be necessary.
B. Measurements
Calibration measurements are carried out in an anechoic chamber using the aforementioned methods, where the PEM is worn on two positions: the left hip and the back of two subjects. First, is determined for the two polarizations of TX. An of 0.18 V/m and 0.19 V/m are measured for horizontal and vertical polarization, respectively, with an input power of 10 mW at the TX. Both subjects (A and B) are rotated in the anechoic chamber under exposure at the same input power at TX.
is recorded as a function of the rotation angle, the two orthogonal incident polarizations, and the two different positions on the body. Fig. 2 shows a boxplot of the resulting PEM responses R for two subjects as a function of the position on the body. For every subject these values are also shown taking into account all samples measured in both positions. The red line indicates the median response, the blue box indicate the c 50 , and the whiskers indicate the upper and lower adjacent values. Outliers in the measured responses are indicated by a red cross. Regarding the individual positions the relative differences between the median values measured for both subject are smaller than 1.7 dB. Note that the subjects have a comparable BMI and the same age, so a small difference was expected. Table II shows the median values of R and the measured interquartile distances. The underestimation of the free space electric fields is smaller in subject B compared to subject A. The distribution of R for these two positions is also studied using (the same) numerical simulations of the VFM under exposure at 950 MHz in the 'Angular Average' scenario. Table III lists R median and c 50 for the VFM (a c 95 could not accurately be determined in the measurements). The underestimation is larger than predicted by the FDTD simulations using the VFM for both subjects. For a PEM worn on the left hip R median = 0.45 and 0.55 for subjects A and B, respectively, while it is 0.83 for the VFM. This is a difference of 5.3 dB between subject A and the VFM. The difference is smaller for the PEM located at the back R median = 0.58 and 0.66 for subjects A and B, respectively, while it is 0.78 for the VFM (2.5 dB difference between subject A and the VFM). We attribute this to the fact that in numerical simulations the antennas in the PEM are considered perfect and will register the full value, which in reality will not be the case, and the different morphology of the human subjects compared to the VFM. Moreover, some of the radiation emitted by the TX will be recorded in other bands than the GSM900 DL band by the PEMs [18] , which will also lower the response. For subject A, the difference between R median measured on the left hip and on the back is 2.5 dB, while for subject B this is 1.8 dB. This is larger than the difference of 0.54 dB found for the VFM. However, the c 50 measured for both subjects are in excellent agreement with those found for the VFM: for example, c 50 = 11 dB and 12 dB for a PEM worn on the left hip of subjects A and B, while c 50 = 10 dB for a PEM on the left hip of the VFM. The FDTD simulations using the VFM will give a good estimation of the variance of R (difference in c 50 < 2 dB), but might not be accurate in predicting the underestimation of a PEM. To compensate for underestimation by the PEM, calibration measurements on the body will be necessary. The interquartile distances determined for the measurement results where both sensors are considered (see Table II ), are comparable to the interquartile distances determined using FDTD simulations in the same environment (8.8 dB). In [13] a PEM on a subject's hip was calibrated in an open area test site for two incident polarizations, this resulted in a c 50 of 6.5 dB and 15.5 dB for horizontally and vertically polarized incident fields, respectively. These values are of the same order of magnitude as the values we measured for a PEM worn on the left hip in this study: 5.3 dB and 19 dB, for horizontally and vertically polarized incident electric fields recorder by a PEM worn by subject A and 4.4 dB and 18 dB for horizontally and vertically polarized electric fields recorded by a PEM worn by subject B. A median underestimation of the incident electric field was measured in [13] as well: R median = 0.85 and 0.48 for horizontally and vertically polarized incident electric fields, respectively. For subject A these values are 0.55 and 0.31, while for subject B these are 0.60 and 0.29, for horizontally and vertically polarized incident electric fields. We thus observe the same difference between both polarizations. An (unwanted) polarization dependence of the PEM. However, the median responses measured in this study are lower than those measured in [14] . This difference in median response is attributed to the different subjects used in this study.
IV. CONCLUSIONS
The response (R) of personal exposimeters (PEMs) in the GSM900 downlink (DL) band is studied using finitedifference time-domain simulations using a heterogeneous phantom and calibration measurements using two male subjects. The numerical simulations show that a PEM, on average, underestimates the incident electric fields and that R has a relatively large 95 % confidence interval: 22 dB in a realistic environment is found using numerical simulations. The calibration measurements also show that a PEM will underestimate the incident electric fields in the GSM900 DL band. The measured interquartile distance of the PEMs' responses is in good agreement (differences smaller than 2 dB) with the ones found using FDTD simulations.
